Middle and late Holocene paleoclimate can be inferred from lake-level fluctuations recorded in the sediment of two, fresh, groundwater-controlled paleolakes in Lake Canyon, southeast Utah. The record from Lake Canyon contributes proxy climate data for the region as well as insight into climate controls on sedimentation. The paleolakes were formed immediately upcanyon of side-stream confluences where disproportionately large volumes of alluvium were focused into the bedrock canyon. Excellent exposure allows a depositional facies model to be developed and allostratigraphic units to be defined. A facies-based proxy for the past shoreline position is applied to the allostratigraphy and radiocarbon-based chronostratigraphy to produce a record of lake level through time that is corroborated by diatom proxy data. The earliest known lake formed during an episode of aggradation that began just before 5180 14 C yr B.P., and an arroyo-cutting event drained the lake before 3050 14 C yr B.P. The Lake Canyon record for the past 3 k.y. is composed of wet-dry cycles that have a periodicity of ~520 yr, matching cycles resolved by the regional tree-ring record and the timing of the Medieval Warm Period and Little Ice Age. Lake level rose after 420 14 C yr B.P. and aggradation continued until an advancing arroyo headcut drained the upper lake in A.D. 1915. Fluvial and lacustrine aggradation in Lake Canyon accompanied shifts to wetter climate when sediment stored in upper reaches of the drainage basin was delivered to the canyon, whereas arroyo cutting in the canyon is more a function of sediment supply and internal complex-response mechanisms than dry climate conditions. Correlation with other records is hindered by differences in resolution and the influence of local controls on alluvial stratigraphy. The Lake Canyon record confirms that episodes of high flood frequency in Holocene time have been wetter overall, but not all wet periods have been marked by high flood frequency.
INTRODUCTION
Much of the paleoenvironmental work on the Colorado Plateau has focused on alluvial records (Hack, 1942; Hall, 1977; Patton and Boison, 1986; Karlstrom, 1988; Ely et al., 1993; and many others) . Assigning climatic meaning to the changes in aggradational and degradational mode that define alluvial stratigraphy is difficult because both external and internal forcing mechanisms affect fluvial systems, and drainage response to climate involves a complex array of factors (e.g., Schumm and Hadley, 1957; Knox, 1983; Bull, 1991; McFadden and McAuliffe, 1997) . In addition, paleoenvironmental studies tied to alluvial sequences are limited by poor age control.
Lake deposits, in contrast, can be annually laminated, highly fossiliferous, and tied directly to ground water and precipitation in their basins, making them relatively sensitive recorders of climate change (O'Sullivan, 1983; Bradbury and Dean, 1993) . There are Quaternary pollen-based proxy climate records established along the southern edge of the Colorado Plateau (e.g., Anderson, 1993; Hasbargen, 1994; Davis and Shafer, 1992) as well as detailed tree-ring records, but paleoclimate records directly related to sedimentary systems are needed for this intensively studied, geomorphically and archeologically important region. Lake Canyon, Utah, contains a nearly continuous record of middle and late Holocene sedimentation and is the best exposed Quaternary lacustrine sediment on the Colorado Plateau (Gregory, 1917) . Marl and alluvium are exposed along the length of this deeply incised, steepwalled canyon, as well as along several tributary arroyos and gullies in the canyon that have cut perpendicular to the main-stem channel. Deposits are rich in macrofossils and microfossils, and are interbedded with abundant organic layers that have outstanding radiocarbon-dating potential. The Lake Canyon drainage basin is almost entirely underlain by a single sandstone unit, allowing source-sediment composition to be a controlled variable, and the drainage has an unusual hydrogeologic setting with perennial spring and stream discharge in the heart of barren slickrock desert. It is a rare geologic setting because the two paths of paleoclimate research can be combined; i.e., constructing proxy climate records and reconstructing landscape responses to climate (Blum et al., 1994) .
There is abundant evidence that prehistoric Puebloan people and their predecessors utilized Lake Canyon, notably during periods of standing lake water (Lipe, 1970) . Paiute inhabitants gave the name Pagahrit to the now-drained lake that gave Lake Canyon its name (Lyman, 1963) . The Mormon "hole-in-the-rock" party stopped at Pagahrit in the winter of 1880 and found a clear, spring-fed lake that was as deep as 20 m with rushes and willow along the shore (Lyman, 1963) . On November 1, 1915, severe rains caused the lake to overflow its downstream bank and drain (Lyman, 1963) , and an arroyo headcut had migrated upstream through the main lake basin by the time Herbert E. Gregory of the U.S. Geological Survey visited the spot in 1918 (Graf, 1989) . Many workers associated with geological and archeological surveys have done reconnaissance study at Lake Canyon (Gregory, 1938; Cooley, 1962; Lance, 1963) , and Lipe et al. (1975) performed initial paleoecological research. The most recent previous study concluded that three lakes successively formed and drained at the Pagahrit locality (Graf, 1989) .
A second body of lake sediment was discovered about 2 km downstream of Pagahrit during the course of this research. This lower paleolake contributes greatly to understanding the processes that created and governed both lakes because it was a contemporaneous analogue of the upper lake. Herein, Lower Pagahrit is the term applied to the newly found, lower deposits and Upper Pagahrit is applied to the lacustrine deposits upstream (Fig. 1 ). This paper presents results of research on the Holocene sedimentology and stratigraphy of Lake Canyon. After the setting and origin of the paleolakes is discussed, a depositional facies model is developed. The facies model can be tied to the lacustrine sequence stratigraphy and radiocarbon-based chronostratigraphy to develop a record of lake level through time. The lake-level record, corroborated by the diatom record at Lake Canyon (Phillips, 1995) , is interpreted as a proxy for precipitation in the surrounding area, and paleoclimatic and geomorphic results are discussed in regional context.
SETTING
Lake Canyon is at the center of the Colorado Plateau, and is one of many narrow, steep-sided canyons dissecting the Red Rock Plateau as defined by Gregory (1938) . The Lake Canyon drainage is tributary to the Colorado River, and its lower reaches are flooded by Lake Powell (Fig. 1) . The drainage basin above Lake Powell covers ~82 km 2 , and elevation within the drainage ranges from 1000 to 1650 m. Precipitation at nearby Bullfrog, Utah, averages 152 mm/yr (Desert Research Institute, Western Regional Climate Center). About half of the annual precipitation falls during the late summer monsoon (Davis, 1994) as moisture from the Gulf of Mexico and the Gulf of California surges into the region, causing thunderstorm activity. Frontal storms from the Pacific Ocean contribute the other half of the precipitation in the winter, and this precipitation is more variable from year to year than summer precipitation, accounting for most of the annual variability (Dean, 1988) . Weather patterns associated with the mature phase of the El Niño-Southern Oscillation frequently cause intense, extended rains in the fall and early winter (Andrade and Sellers, 1988) .
Riparian vegetation thrives along the perennial stream course of Lake Canyon and springs and alcoves within the canyon support a variety of ferns, mosses, and marsh plants. Vegetation differs dramatically out of the canyon with shadescale, sagebrush, Utah juniper, and other plants growing in small sandy hollows or side drainages among the barren slickrock. The drainage basin is underlain entirely by the Jurassic Navajo Sandstone, with the exception of erosional remnants of the overlying Jurassic Carmel Formation present in a single tributary that joins Lake Canyon downstream of the study area. The Navajo Sandstone in the field area is thickly cross-bedded, fine-grained, carbonate-cemented eolian sandstone that contains a few thin lenses of gray, cherty, interdunal limestone (Hackum and Wyant, 1973) . Lake Canyon follows the axis of the north-northeast-trending Rock Springs syncline, and lies along the northwest flank of the Balanced Rock anticline that defines Nokai Dome (Fig. 1) . Bedrock dips gently 1°-3°to the west as it approaches Lake Canyon from the east (Hackum and Wyant, 1973) , as does surface topography.
The gentle regional dip into the Rock Springs syncline probably sustains the perennial spring discharge out of the Navajo aquifer in Lake Canyon. The sensitivity of this ground-water discharge to climate fluctuations is unknown, but the hydraulic conductivity of the Navajo Sandstone in the region has been calculated at between 0.15 and 0.75 m/day (Hood, 1980; Weiss, 1987) . Considering the regional hydraulic gradient, it is likely that ground water is moving at <15 m/yr through the bedrock aquifer. Spring discharge in Lake Canyon thus is somewhat buffered against short-term climate change, and it is likely that springs flowed even during arid episodes of Holocene time. However, the unconfined top of the Navajo aquifer is exposed almost everywhere in the surrounding area, and even decadal-scale climate changes were probably accompanied by changes in the elevation of the ground-water table.
Origin of Paleolakes
The presence of a freshwater lake along the course of a narrow canyon requires explanation.
Previous researchers have proposed two mechanisms for damming the paleolakes. Graf (1989) proposed that a series of three dams were created at Upper Pagahrit by eolian falling dunes extending across the canyon during arid intervals. Lipe et al. (1975) suggested that Upper Pagahrit formed behind an alluvial dam, and two lines of evidence from the current research confirm that fluvial processes were responsible for the existence of the paleolakes.
First, every major tributary (all ephemeral) in the drainage basin spills into the main stem of Lake Canyon at the downstream terminus of the paleolakes; three converge at Upper Pagahrit and one is at Lower Pagahrit (Fig. 1) . Lipe et al. (1975) pointed out that the collective drainage area, and thereby the sediment load, of the three tributaries entering below Upper Pagahrit is much larger than that of the main stem. The main Geological Society of America Bulletin, January 2000 stem above Upper Pagahrit drains ~8.5 km 2 , and the total area drained by the three tributaries is about 54 km 2 . The stream entering at the downstream end of Lower Pagahrit drains an area of 8.8 km 2 , including the only outcrops of the easily eroded Carmel Formation in the drainage basin. During aggradation, greatly disproportionate volumes of sediment would be focused at both these locations.
Second, this alluvium is seen in outcrop interfingering with and grading into lacustrine sediment at the downstream end of both Upper and Lower Pagahrit (Pederson, 1995) , indicating that alluviation and lacustrine sedimentation have been contemporaneous expressions of aggradation in Lake Canyon. At the onset of aggradation, deposition of alluvium was localized at the sidestream confluences, while standing water, maintained by spring discharge at the level of the ground-water table, occupied the relative void in the upstream canyon (Fig. 2) . During periods of aggradation, fluctuating but generally rising ground water in the canyon maintained standing water, while alternate onlapping lacustrine sediment deposits and lakeward-prograding alluvial pulses were recorded. Overall the system aggraded for significant periods, whereas lacustrine sedimentation recorded shorter term rises and falls in lake level. Alluvium, especially from upcanyon, eventually prograded as deltas into the lakes, contributing to their filling.
Controls on Lake Level
In order to make the conceptual leap from a record of lake level to precipitation in the area, the hydrologic factors controlling lake level must first be established. The Pagahrit lakes were not held behind impermeable dams. Very sandy, hydraulically conductive alluvium was downcanyon of the lakes, and water seepage out of the lakes must have been great, especially in the littoral zone (Loope et al., 1995) . In addition, if the Pagahrit lakes were being held behind dams, stable or decreasing lake level would be marked by stagnant and increasingly saline water. Diatom studies (Phillips, 1995) and the paucity of evaporite minerals in the lacustrine sediment indicate that the lakes were never highly saline. The lakes may have had stream outlets during relatively high lake level, but it seems that the sill elevation was not a control on lake level because some major lowstands evident in the lake stratigraphy have no apparent stratigraphic counterparts that would indicate erosion in the downstream alluvium. Lake level at any given time was an expression of the balance between ground water and surface inputs to the lakes and outputs through downstream seepage, possible stream outflow during highstands, and the precipitation deficit at the water surface (evaporative potential minus precipitation) (Fig. 2) . The precipitation deficit on the Red Rock Plateau is great, but this factor was minimized because the lakes occupied a narrow canyon and their surface area/volume ratio was low. Thus lake level was tied largely to ground water and relatively minor surface inflow, and was a function of precipitation in the surrounding area.
METHODS
The data for this study are results of field and laboratory analyses of the stratigraphy, sedimentology, and paleontology of deposits in Lake Canyon. Two-dimensional stratigraphic panels were photographed and recorded at seven localities in Upper Pagahrit and ten in Lower Pagahrit. Two composite stratigraphic sections, one for each paleolake, were measured and sampled, with each constructed from two adjacent localities correlated by physically tracing marker beds or surfaces. Sections were measured at the LC1 (lower) and LC2 (upper) localities at Lower Pagahrit and the Box Canyon (lower) and East Fork (upper) localities at Upper Pagahrit (Fig. 1) . The stratigraphy at the East Fork locality (Fig. 1) , measured as part of the composite section for Upper Pagahrit, was surveyed with a total station to obtain elevation data for construction of the lakelevel curve. Stratigraphic units were defined by bounding surfaces, each composed of several laterally gradational sedimentary facies. The sedimentary units are thus allostratigraphic-genetically related, contemporaneous units defined by their bounding discontinuities (North American Commission on Stratigraphic Nomenclature, 1983)-the same as are used in sequence stratigraphy. Allostratigraphic units are useful for paleoenvironmental reconstruction because units are synchronous bodies that record the position of laterally adjacent facies in the landscape. Sequence stratigraphy has been applied to terrestrial deposits, and it is especially applicable to lacustrine records where climate-controlled lake-level fluctuation is analogous to the eustatic changes that define marine sequence stratigraphy (Blum et al., 1994; Oviatt et al., 1994; Shanley and McCabe, 1994). "Parasequences" in the Lake Canyon allostratigraphy are 5-100-cm-thick groups of strata bound by surfaces representing lateral facies shifts and vertical lake-level changes. "Parasequence sets" A, B, Ca, Cb, and D in the Lake Canyon allostratigraphy are groups of parasequences bound by unconformities that are major lake-flooding or downlap surfaces (Van Wagoner et al., 1988) . These are typically marked by thin overlying peat layers formed from littoral vegetation near the shifting lake shoreline. Eight radiocarbon samples, mostly of littoral peat, were taken at selected stratigraphic positions and dated by Beta Analytic, Inc. Three other radiocarbon dates used here are from previous workers, and the exact sample locations are known (Table 1) . Sedimentologic field work focused on describing units along the measured sections. A few thin sections aided analysis of the composition and small-scale bedding of marl units. We analyzed 60 samples for grain-size distribution, percent organic carbon (OC), and percent carbonate. Field observations and cursory X-ray diffraction (XRD) analyses indicate that carbonate and OC compose nearly all autochthonous material in the sequence. Both the OC and carbonate content of samples were determined by weight loss on ignition methods (Dean, 1974) . The grain-size distribution of the clastic portion of samples was determined by dry sieving the sand-sized fraction at ½ phi increments and pipetting to determine the relative percentages of clay and silt.
Fossil mollusks are used in this study as an indicator of aquatic versus terrestrial depositional environments, and were useful for distinguishing deltaic sediment from alluvium as well as subaerial from subaqueous-littoral deposits. Microscopic comparison to specimens described in Burch (1989) and Clarke (1981) for aquatic genera and Pilsbry (1939) for terrestrial genera enabled the distinction of two terrestrial and four aquatic taxa. Lipe et al. (1975) analyzed more rigorously the molluscan fauna at the East Fork locality and their results have been considered in facies interpretations.
DEPOSITIONAL FACIES MODEL
Six sedimentary facies are recognized in the Lake Canyon deposits, which are laterally gradational over a few meters to tens of meters. The ability to observe in outcrop the distinct sedimentary facies and facies associations of the incised historic lake deposits and their analogues in the modern landscape, and their analogues in the underlying stratigraphy, enable the construction of an unambiguous depositional facies model. A single unit can be traced away from the canyon wall through facies representing subaerial and then subaqueous-littoral deposits and then facies representing proximal and distal-pelagic environments, successively (Fig. 3) . Likewise, units along the canyon axis grade from alluvium upstream of the paleolakes to deltaic lake deposits, eventually grading into and interfingering with other lacustrine facies downstream in the main lake body. The term littoral is used here as the nearshore zone of the paleolakes extending from subaerial beach sands into the shallow-subaqueous zone with rooted aquatic vegetation. This is equivalent to the littoral and supralittoral zones in classic lacustrine terminology (Wetzel, 1983) . Pelagic is loosely used in this study to describe the area from the vegetated shallow-water zone to deeper open water, including a potential profundal zone of the paleolake bottoms. Characteristics of each facies based upon field descriptions and lab analyses of the 60 sediment samples are summarized in Figure 4 .
Sediment Composition and Texture
Carbonate content ranges from 0.5% to 55%; minimal amounts are present in alluvium, deltaic sand, and subaerial-littoral deposits, and the greatest percentages are deposited in shallow water from the highly vegetated shoreline into the adjacent open body of water (Fig. 4) . Most carbonate in the Pagahrit lakes is micrite, and was either directly biologicially mediated or inorganically precipitated, probably as controlled by biologic activity (Dean, 1981; Wetzel, 1983) . The distribution of carbonate in the Pagahrit lakes, at times forming subaqueous benches (Fig. 4) , matches Murphy and Wilkinson's (1980) model for deposition in calcareous, perennial lacustrine systems. Marl is deposited in shallow-water benches in the littoral zone, and physiochemical factors and macrophytic vegetation, especially algae, control deposition (Murphy and Wilkinson, 1980) . The OC content ranges from ~0.5% in alluvial, deltaic, and subaerial-littoral sediment to 10% in deeper water deposits; muddy layers in alluvium and deltaic beds contain 3%-5% OC (Fig. 4) . The OC in lakes is typically produced from the remains of littoral plants and animals or, to a lesser extent, is brought in by fluvial and eolian activity (Dean, 1981; Hakanson and Jansson, 1983) . In Lake Canyon, OC in deeper water deposits may have been allochthonous or supplied by algae, whereas shallower littoral sediment contains ribbon-like laminae of carbonized aquatic plant material. The peat layers that form along some bounding surfaces are, likewise, accumulations of in situ littoral plant material of variable thickness associated with subaqueous littoral sand and its gradational transition to proximal pelagic marl. Abundant vegetation grew in Geological Society of America Bulletin, January 2000 (Lyman, 1963) . The peat overlying the bounding surface between parasequence sets C and D is a prominent example of this.
Facies representing alluvial, deltaic, and littoral deposits have nearly identical grain-size distributions (Fig. 4) . Sand content is >85%; upper very fine sand is the mode and there is no medium or coarse sand. This size distribution is typical of eolian sand and is the same as that of the Navajo Sandstone bedrock (Pederson, 1995) . Although proximal-pelagic samples contain only 30%-50% sand, the distribution of sand grain sizes retains the eolian signature of other facies. The only exception is distal-pelagic sediment, which is notably siltier. The clastic component should become finer as transport energy decreases from proximal to distal lacustrine settings. For example, the grain size of deltaic sediment typically decreases logarithmically with distance from the tributary mouth (Hakanson and Jansson, 1983) . The eolian signature of alluvium and deltaic sand at Lake Canyon is probably the product of the primary sorting within the Navajo Sandstone source rock. The uniform size distribution of littoral and proximal-pelagic sand may indicate that the delivery of sand to these environments was by eolian rather than fluvial processes, and that wave action was inadequate to winnow and sort this material. Blowing sand is ubiquitous in and around Lake Canyon, and eolian processes would certainly retain the original eolian signature of the source rock.
Bedding and Sedimentary Structures
Alluvium in Lake Canyon is composed of massive to planar-laminated sand in medium to thick beds intercalated with discontinuous, organic-rich muddy laminae. Results of this study support Lance's (1963) hypothesis that fluvial sand was deposited during floods and that the organic-rich, gray mud layers were deposited on a vegetated flood plain. The fine sand was likely deposited under upper-flow-regime, shallowwater conditions (Collinson and Thompson, 1989) , whereas mud was deposited during flow recession. Deltaic strata are typically medium to thick fining-upward sequences interbedded with proximal pelagic marl in some locations. Deltaic strata dip gently away from the apex of now-exposed fans that once issued from side washes, or they are laterally gradational to upcanyon alluvium. They contain paleocurrent indications of downdip flow, yet a strong distinction between the topset, foreset, and bottomset beds common in deltas is not observed. Delta topsets and foresets are formed by deposition of bedload as the delta plume loses energy (Hakanson and Jansson, 1983) , and the fine-grained sediment load in Lake Canyon may preclude the formation of foresets by the predominance of suspension sedimentation. Stream-flood discharges rich in suspended sediment would be denser than the fresh lake water and become hyperpycnal flows upon entering the paleolakes. This could have driven turbidity currents responsible for the fining-upward beds observed.
Subaerial-littoral sediment is generally massive, bioturbated, may have vadose-zone features, and may be interbedded with fine organic laminae as beds grade laterally into subaqueouslittoral deposits. As the fossiliferous, laminated subaqueous-littoral sediment grades laterally to proximal-pelagic deposits, ribbon-like organic laminae become thicker, more uniform, and interbedded with sandy marl. Marl of the two pelagic facies is thinly bedded to laminated. Petrography reveals that the bedding of pelagic sed- Reddish-light brown to pinkish-gray, medium to thickly-bedded, massive to laminated sand interbedded with organic-rich mud laminae
Light brown to light reddish-brown, medium to thickly bedded fining-upward sequences from basal ripple cross-stratified sand to calcareous mud Very pale brown, massive, bioturbated sand with common "crinkly" organic laminae iment is defined by 0.5-4.0-cm-thick couplets composed of a quartzose sandy layer and an iron oxide-stained, carbonate-rich layer (Pederson, 1995) . This small-scale rhythmic bedding may represent fluctuations in carbonate precipitation or fluvial or eolian sand input to the paleolakes.
These facies represent deposition at distinct water depths, and the gradational boundary between littoral and pelagic deposits approximates the distal limit of rooted aquatic vegetation, at perhaps 1 m depth (Reading, 1986) . The location of this facies transition is used as a field proxy for the position of the paleolake shoreline in order to reconstruct a lake-level record through time.
STRATIGRAPHY
Composite stratigraphic sections for Lower and Upper Pagahrit are presented in Figure 5 . The Upper Pagahrit section is the most complete and the most intensively studied, and the basal sequence at the Box Canyon locality (Fig. 1) , through parasequence set A, is discussed here as an example of the relations evident in the record.
The stratigraphically lowest unit in the Lake Canyon record is an alluvial body (unit BC3) bound at its top by a surface that truncates underlying bedding (Figs. 5 and 6 ). The carbonized plant material of the thin peat overlying this surface is interpreted as having been deposited in situ along the shoreline zone of the earliest lake as it transgressed over the alluvium, slightly reworking the sediment and preserving the incised topography of the alluvium. A radiocarbon sample from an organic-rich mud layer in the underlying alluvium is dated as 5180 ± 80 14 C yr B.P. (LC1, Beta-78976), compared to the 5110 ± 70 14 C yr B.P. (LC2, Beta-78219) and 5120 ± 130 14 C yr B.P. (Beta-19503) dates from the truncating peat horizon (Table 1) . These dates are all effectively the same, indicating that no significant hiatus is represented by the bounding surface. Above this, parasequence set A records changes through time in the earliest lake. A thin sloping unit of pelagic marl (BC4) was first deposited above the basal flooding surface of the first lake (Fig. 6 ). An overlying wedge of low-angle, planar-bedded, and contorted deltaic sand (unit BC5), present only on the left of the outcrop in Figure 6 , mantles part of the marl, thickening to the canyon center. Purely deltaic sedimentation ended (reduced sediment input?) and a relatively thick parasequence of interbedded sandy littoral and calcareous pelagic sediment (BC6) was deposited in somewhat shallower water. Lipe et al. (1975) collected a radiocarbon sample dated as 4010 ± 100 14 C yr B.P. (I-8632) within this unit at the East Fork locality (Fig. 7) . The sedimentologic variability that can be seen at more than one scale within the laminated sediment of this unit illustrates the potential detail available in the record (Fig. 6) . The truncating upper bounding surface of parasequence set A, best exposed at East Fork (Fig. 7) , represents a major drop in lake level followed eventually by the flooding surface at the base of parasequence set B. Deposits immediately downstream of Upper Pagahrit shed light on the nature and timing of this bounding surface. At this location, a continuous, 35-mthick body of alluvium on both sides of the canyon extends without observed cut-and-fill structures from the top of the sedimentary section to the modern stream. A radiocarbon sample taken 4.6 m from the base of this alluvium dates to 3050 ± 110 14 C yr B.P. (LC13, Beta-78221); a date of 900 ± 70 14 C yr B.P. (LC12, Beta-78220) was obtained 1.5 m from the top (Table 1) . Arroyo cutting and removal of the older alluvium occurred at this location, and then an aggradational episode began not long before 3050 14 C yr B.P. (sometime after 4010 14 C yr B.P.). This significant erosional event must have drained the lake and is very likely responsible for the erosional bounding surface between parasequence sets A and B in the lacustrine record.
Compilation of Upper and Lower Pagahrit Records
Because the facies used here represent deposition at distinct water depths, facies changes along vertical measured sections may be related to changing water depth, although not necessarily to absolute lake-level elevation because of the influence of sediment accumulation on water depth. The composite measured sections at Upper and Lower Pagahrit are assigned water-depth curves drawn relative to dry, shallow, and deep interpretations of facies to aid in correlation and analysis (Fig. 5) , while surveyed elevations are used below to construct a true lake-level curve for Upper Pagahrit. The correlation is pinned by two sets of radiocarbon dates ( Table 1 ) on peat that overlies correlative erosional bounding surfaces in the two different lake basins. Lower Pagahrit was shallower and had a greater accumulation rate than Upper Pagahrit, and its record is less complete, with no preservation of set A deposition and complete infilling occurring by the time of later Puebloan occupation. Yet the existing overlap in the records correlates well (Fig. 5) , and the stratigraphy of the two paleolakes can be broken into the same parasequence sets recording cycles of aggradation and stability.
The overall stratigraphy in Lake Canyon thus records alluviation with the inception of a first lake at Upper Pagahrit ca. 5110 14 C yr B.P. This lake existed for more than 1100 yr and was drained when most sediment in the canyon was removed by erosion sometime after 4010 14 C yr B.P. Aggradation in the canyon again created lakes at both Upper and Lower Pagahrit beginning just before 3050 14 C yr B.P. Major lowstands of both lakes happened not long before 2520 14 C yr B.P. and again before 1880 14 C yr B.P.; these radiocarbon dates are from peat horizons deposited during rising lake levels following these lowstands. Aggradation of the canyon's lacustrine and fluvial systems continued until before 450 14 C yr B.P., when lake levels dropped then remained stable as significant peat deposits were emplaced at the top of shallow carbonate platforms (Fig. 7) . Both lakes progressively infilled with deltaic sand, and Lower Pagahrit disappeared completely. Upper Pagahrit underwent a shift to high water levels after 420 14 C yr B.P., and there was progressive infilling until it was drained in A.D. 1915.
Allostratigraphy and Lake-Level Curve
Bounding surfaces of parasequences and parasequence sets in the Lake Canyon allostratigraphy were formed by vertical changes in lake level that caused onlapping or downlapping of facies (Fig. 7) , sometimes accompanied by the erosional truncation of underlying beds. The organic layers overlying most parasequence sets are interpreted as having formed along the transgressing shoreline as lake levels increased after lowstand. Each parasequence distinguished within these sets contains strata with distinctive stacking patterns representing smaller-scale cycles of lake-level rise and fall. The bulk of each parasequence was deposited during overall lakelevel rise and facies onlap, and upper bounding surfaces formed during relatively small lake-level drops and facies downlap.
The East Fork locality (Fig. 1) is the most important site for understanding stratigraphic relations because the length of the exposure allows units and their bounding surfaces to be traced laterally from the paleoshoreline toward the center of the lake basin (Fig. 7) . The easily identified transition between pelagic and littoral sediment was used as a proxy for the lake shoreline, and the locations of points marking this contact, traced through the stratigraphy, were surveyed. These elevation data have been integrated with field observations of smaller-scale facies shifts in the allostratigraphic framework to produce a lake-level curve that can be tied to the chronostratigraphy (Fig. 8) . The overall amplitude of lake-level changes in the Holocene was more than 25 m, with a range of about 17 m recorded at the East Fork Locality, covering lake levels back to before 4010 14 C yr B.P.
At the roughest scale, the parasequence sets represent five overall cycles of rising and stable lake level and wet conditions and then falling lake level and dry conditions spanning ~5 k.y. (Fig. 8) . With the surveyed lake-level curve, six smaller wet-dry cycles can be delineated within the more precise last 3 k.y. of the record (Fig. 8) . These smaller cycles have an average duration of about 520 yr, and are defined by average lake-level changes of about 5 m. Greater temporal control is needed to better define cycle periodicity and resolve smaller scale cyclicity in the record.
The youngest part of the lake-level record is recorded by the two bodies of deltaic sand in parasequence set D of the East Fork locality (Fig. 7) . Both sand bodies have gently dipping bedding and paleocurrent indications that fan away from an apex (now incised) marking an alluvial source immediately to the east (just right of the outcrop in Fig. 7) . The surface between parasequence sets C and D represents a major decrease in lake level sometime before 420 14 C yr B.P., the date obtained from the transgressional peat overlying this surface, and well after 1880 14 C yr B.P. (Table 1) . Although slumping is common in the Lake Canyon deposits, the lower sand body in set D (not visible from vantage of the Fig. 7 photograph) is not a slump because it lacks the characteristic deformation structures, and it retains original bedding and attitude. This lower sand, inset below and lakeward of the carbonate bank, is likely contemporaneous with the peat overlying the bounding surface shoreward of it and was deposited when lake level was stable just above the elevation of the peat. The overlying upper sand body was then deposited in a retrograded delta when lake level was at its highest point in the entire record and the lake was being infilled with deltaic sediment, including when it was observed historically.
Correlation to Diatom Record
Phillips (1995) produced a separate diatomproxy paleoclimate record for Lake Canyon with samples taken from the same measured sections (Fig. 8) . He summarized counts of the dominant and common taxa by grouping species into habitat preferences. In the lower part of the record taken from Upper Pagahrit, the ratio of euplanktonic (dominant in littoral environments) and periphytic (dominant in deeper water) specimens was used as a proxy for water depth (Phillips, 1995) . Diatoms from the shallower Lower Pagahrit (upper part of curve) show habitat preferences according to alkalinity, with alkaliphilous taxa living in more alkaline water while tolerant forms withstand both low and high alkalinity. The ratio of alkaliphilous versus tolerant diatoms thus reflects freshwater input to the lake, a proxy for precipitation in the area. Though not complete, the rough features of the relative lake-level curve produced from diatom data loosely match and confirm the sedimentology and stratigraphybased curve of this research (Fig. 8) .
DISCUSSION
It is argued herein that lake levels in the Pagahrit lakes were changing in response to the ground-water and surface hydrology of the area. Direct interpretation of paleoclimate from this record assumes that the response time of lake level to climate change is significantly shorter than the duration of the climate cycles resolved. The Pagahrit lakes, with downcanyon seepage and possible stream outflow at highstands, were open lakes, which commonly have hydrologic response times of <1 yr (Bengtsson and Malm, 1997) . The buffered response of discharge from the Navajo Sandstone aquifer is probably an order of magnitude faster than the centennial-scale climate changes resolved by the lake-level record. Thus, the accuracy of the paleoclimate record is not compromised by delayed hydrologic responses and the full detail possible in the Lake Canyon record was not utilized in this research.
Fluvial aggradation, the inception of standing water, and lake-level rise in Lake Canyon accompanied shifts to wetter conditions. During arid intervals, increased eolian activity and decreased runoff and stream competency resulted in sediment storage in the interfluves and upstream fluvial reaches of the basin (Fig. 2 ) (Boison and Patton, 1985; Graf, 1987) . Increased runoff and stream discharge at the change to wetter conditions entrained and transported this stored sediment to the main stem of Lake Canyon (Fig. 2) . This caused alluviation and the appearance of standing water in the canyon or, if a lake already existed, lake level rose, enabling lacustrine aggradation. As overall aggradation of the system continued, lake-level changes driven by climate fluctuations were recorded in the sedimentary record of the lakes. Part of Karlstrom's (1988) model for arroyo dynamics in the Black Mesa area of northeastern Arizona matches the evidence in Lake Canyon. He also tied fluvial aggradation to rising ground-water levels and increased sediment yield from hillsides during changes to wetter climate. McFadden and McAuliffe (1997) Colorado Plateau. They proposed these historic changes as analogues for the processes controlling the larger scale late Holocene stream aggradation and terrace formation in the region.
Several cycles of Holocene arroyo cutting are evident in other alluvial records on the Colorado Plateau (e.g., Hack, 1942; Cooke and Reeves, 1976; Euler et al., 1979) , but only two unequivocal arroyo-cutting and lake-draining events are evident in Lake Canyon over the past 5 k.y. The aforementioned alluvium immediately downcanyon of Upper Pagahrit, a continuous section exposed from the bottom of the canyon to the top of the sedimentary section, suggests there was no significant arroyo cutting in the alluvial record after 3050 yr B.P. and before A.D. 1915 . There are no observed cut-and-fill structures in the well-exposed, post-3000 yr B.P. alluvial record of the canyon anywhere between Upper and Lower Pagahrit. The major lowstands that define the base of parasequence sets Ca and D (Fig. 7) , just before 2520 and 420 14 C yr B.P., respectively, were therefore probably not major arroyo-cutting events, and the geometry of the lacustrine stratigraphy does not require that the lakes be fully drained at these times. Cycles of arroyo cutting in Lake Canyon have apparently acted at longer time scales than the climate fluctuations that define the lacustrine stratigraphy, and lake-level drop and arroyo cutting have not necessarily been tied to each other. Rather than being linked to dry periods, arroyo cutting in Lake Canyon may have been initiated as sediment supply became depleted in the drainage basin. The draining of Upper Pagahrit by arroyo cutting in 1915 was during a severe late fall precipitation event. This was during the decade with the greatest runoff in the past 400 yr for the upper Colorado River basin (Stockton, 1975) . With high discharges but decreasing sediment loads, transport capacity of streams increases and the threshold of critical power is overcome, causing channel incision (Bull, 1979) .
Several other variables could have influenced sedimentation in Lake Canyon. Rather than overall precipitation, changes in the seasonality or intensity of precipitation may have played a role in both sediment yield and stream power. Biotic changes that would modulate sediment yield from hillsides are probably not influential because there truly is no vegetation on the slickrock hillsides of the drainage basin, a condition most likely true during arid or semiarid climates. Rather than a function of climate or waning sediment supply, arroyo cutting may have been initiated by internal mechanisms such as local oversteepening of the stream gradient past the threshold of erosion (Patton and Schumm, 1975) . However, considering the apparent link between sedimentation and climate evident in the Lake Canyon sedimentary record, the mobility of large volumes of alluvium in the drainage, and the occurrence of significant climate changes, it is clear that sediment supply and climate are intimately involved in controlling sedimentation and erosion in Lake Canyon.
Regional Correlation
Research on biotic or landscape change that uses scant radiocarbon or archeological age control typically has lower temporal resolution than the record presented here, whereas previous research that utilizes tree-ring dating has greater resolution. Work in other regions of the Colorado Plateau, notably in the Chaco Canyon area, has produced records that do not match that of Lake Canyon and for which different processes play important roles in the landscape (Hall, 1977; Wells et al., 1983) . Patton and Boison (1986) , in their study of three tributary drainages of the Escalante River 50 km west of Lake Canyon, concluded that the alluvial records of even these three tributaries cannot be correlated, because bedrock type and other local factors distinguish each drainage. Correlating regional records is difficult for these reasons and others, and, although they may be broadly related (e.g., Haynes, 1965) , Holocene alluvial records often cannot be correlated in detail. Only illustrative comparisons are made here.
It is significant that the records from Lake Canyon and Black Mesa (Dean, 1988) both resolve ~500-yr-long wet-dry cycles (Fig. 9) . The timing of these cycles does not match, however; the duration of cycles in the Black Mesa record is more uniform. The Black Mesa record is based upon tree-ring dating, and the 550 yr periodicity seems to be driven by the regional treering record, not the alluvial stratigraphy (Euler et al., 1979) , and the discrepancy is due in part to the radiocarbon chronology of this study being much less precise. The timing of cycles in the Lake Canyon record over the past 1 k.y. corresponds well to the Medieval Warm Period and Little Ice Age (Fig. 9) . The lowstand in Lake Canyon after deposition of parasequence set Cb roughly coincides with the Medieval Warm Period, and the Little Ice Age correlates to the wetter period during deposition of parasequence set D. In contrast, Davis (1994) pointed out that lake levels were high during the Medieval Warm Period elsewhere in Arizona, and work in southwestern Colorado by Peterson (1994) suggests that the Medieval Warm Period was wet and warm while the subsequent Little Ice Age was cool and dry. This supports Dean's (1994) hy- pothesis that these climatic periods were expressed as modifications to larger climate cycles of the Colorado Plateau, and that different regions were affected in different ways. Conclusions regarding the Medieval Warm Period and Little Ice Age from work on the frequency of large paleofloods in Arizona and southern Utah match the Lake Canyon record (Ely et al., 1993) . They associate high flood frequency to positive El Niño conditions and thus, like Dean (1988) , attribute wet intervals in the American Southwest to increased late fall and winter precipitation. Although periods of high flood frequency correspond to generally wet periods in the Lake Canyon record (Fig. 9) , not all wet periods evident in Lake Canyon fall within their times of high flood frequency. This is partly due to the decreasing resolution of their record toward middle Holocene time, but it also indicates that only some wet periods on the Colorado Plateau have been marked by high flood frequency.
SUMMARY
1. Lacustrine sediment is found at two locations in Lake Canyon and was deposited in fresh, ground-water-fed lakes formed immediately upcanyon of points where side-stream alluvium was focused into the canyon.
2. Deposits in the Lake Canyon allostratigraphy are defined by five parasequence sets representing a detailed and datable record of lake level and sedimentation during lake lowstands and highstands. The lake-level curve for the past 3 k.y. of this record resolves ~520 yr wet-dry climate cycles similar in period to those identified in the tree-ring records of the region and matching the timing of the Medieval Warm Period and Little Ice Age.
3. Both fluvial and lacustrine aggradation in Lake Canyon accompanied shifts to wetter climate, when sediment stored in the drainage basin during arid intervals was delivered to the canyon. Although lake level rose and fell in response to climate change, the Lake Canyon sedimentary record indicates only two unequivocal arroyocutting events in the past 5 k.y. These are probably related more to reduced sediment supply or internal complex-response mechanisms than dry climate.
4. Correlation of regional Holocene paleoclimate and alluvial-stratigraphic records is often inconclusive or fails because of differences in resolution among records and the influence of local controls on alluvial stratigraphy. Periods of high paleoflood frequency generally match wet episodes in Lake Canyon, but not all wet episodes were marked by high flood frequency.
